Introduction {#s1}
============

Sucuk is the most popular dry-fermented meat product produced in Turkey. It can be produced from beef and water buffalo meat and it may contain beef fat, sheep tail fat, salt, sugar, nitrite, nitrate and/or nitrite/nitrate and various spices ([@r016]). Sucuk has relatively high fat content ranging from 30 to 40% and fat is easily recognizable in its slices ([@r036]). Fat is a major contributor of flavor, texture, mouth feel, juiciness and overall acceptability of the meat products ([@r021]). However, unfortunately, high amount of fat in meat products is associated with high amount of saturated fatty acids and cholesterol in meat products. Therefore, meat products are blamed for causing hypertension, obesity, cardiovascular diseases and coronary health diseases ([@r026]). Moreover, high-fat intake also increases risk of some cancers, namely colon, breast and prostate ([@r009]). To this end, health organizations all over the world highly recommend limiting the intake of saturated fatty acids and cholesterol ([@r024]).

The demand for healthy meat products has recently increased considerably and the food industry has been trying to develop or modify meat products by decreasing amount of animal fat ([@r010]; [@r014]; [@r036]). Several studies have focused on reducing the fat and cholesterol content of meat products ([@r017]; [@r019]).

Oilseeds are major source of fat, protein, and carbohydrate and they have potential to be used in nutraceuticals and functional foods ([@r006]). *Papaver somniferum*(poppy) seeds are very popular in Europe and Turkey and are extensively used in bakery products ([@r013]). Poppy seed oil (PSO) contains 73% linoleic, 10% palmitic, and 13% oleic acid as major fatty acids ([@r014]; [@r025]). The rich polyunsaturated fatty acid content of poppy seed oil makes it a viable alternative to be used in reduced fat meat products. Therefore, the goals of this study were to produce Turkish sucuk using poppy seed oil as partial animal fat replacer and to determine chemical, textural, color and sensory properties of the product.

Materials and Method {#s2}
====================

Sucuk formulation and preparation {#s2a}
---------------------------------

Meat used in the study came from 3-year old mature cows and beef fat was obtained from Portakaloğllları Meat Corporation (Afyonkarahisar, Turkey). Poppy seed oil was supplied locally (Arpacıoğlu Haşhaş Ezmecilik Company, Turkey) and other ingredients were also purchased locally. The lean meat was separated from visible fat, tendons and other connective tissues. The lean meat and frozen beef fat were minced in a cuter (Germany) to a particle size of about 3 mm and subsequently mixed in a mixer. Sucuk formulation contained 9 kg meat (10% fat, wet basis), 1.1 kg beef fat, 0.20 kg NaCl, 0.16 kg garlic, 0.04 kg sucrose, 0.07 kg hot red pepper, 0.04 kg sweet red pepper, 0.08 kg black pepper, 0.080 kg cumin, 0.02 kg allspice, 300 ppm NaNO~3~ and 150 ppm NaNO~2~ and 0.002 g starter culture (*Lactobacillus plantarum and Staphylococcus carnosus*, Bactoferm TM T-D-66, CHR HANSEN, Germany).

The fat content of the first batch (control) was adjusted to 20% by adding beef fat. Poppy seed oil was added to the next three treatments of sucuk dough as pre-emulsified fat (PEF) with sodium caseinate (American Casein Company, USA), by replacing 25, 50 and 75% of beef fat, respectively. To produce the poppy seed oil emulsion, 1 part of sodium caseinate and 8 parts of hot water (75℃) were mixed for 2 min in a blender. The mixture was emulsified with 10 parts of poppy seed oil for 3 min. The resultant mixture and frozen fat were ground through 12- mm plate (Esmak Machine Co, Turkey). Sucuk dough coming from the grinding machine was refrigerated at 4℃ for 8 h and was thoroughly mixed in a bowl cutter (Germany) at 10-12 rpm for 2 min. The mixture was stuffed into the natural cow intestine casings of 38-40 mm in diameter. Sucuk samples were held in a tempering room (10-12℃ and 70-75% relative humidity) for 12 h. Then, they were ripened in an incubation room (Germany) for 12 d with the following protocol: 2 d at 90% relative humidity (RH) and 28℃; 2 d at 85% RH and 24℃; 2 d at 80% RH and 22℃; 2 d at 75% RH and 20℃; 2 d at 70% RH and 18℃; 2 d at 65% RH and 18℃.

Proximate analysis {#s2b}
------------------

Moisture, fat (ether-extractable) and pH value were determined according to AOAC (1990) procedures on the day 0 (initial), 4, 7 and 12 of ripening. The number of replication was three for the all the properties measured.

Lipid oxidation analysis {#s2c}
------------------------

The 2-thiobarbituric acid reactive substances (TBARS) test was used to assess extent of lipid oxidation throughout ripening. The TBARS test was performed as described by [@r015].

Texture profile analysis {#s2d}
------------------------

For texture profile analysis (TPA), sucuk samples having diameter of 38 mm were cut into cylinders with height of 20 mm, and wrapped with plastic, and held at room temperature for equilibration and were then compressed twice with 50% deformation with a stainless compression probe ([@r008]). TPA tests were performed using a Texture Analyzer (TA-XT plus, Stable Micro Systems Ltd., UK).

The stainless compression probe of 5 cm in diameter, mounted to a 50 kg load cell, was used for texture analyses at a crosshead speeds of 1 mm/s (pretest), 5 mm/s (test), and 5 mm/s (post test); time between two compressions, 5.0 s; trigger type, auto-20 g; and data acquisition rate, 200 point/s. The TPA parameters were obtained from Texture Expert software V.1.22 attached to the Texture Analyzer (Stable Micro Systems). They were determined from force-time curves as described by [@r005]: Hardness (resistance at maximum compression of first bite to deform the sample; peak force of the first compression cycle in N), cohesiveness (extent to which sample could be deformed prior to rupture; positive force ratio of the second compression area to the first compression area (A~2~/A~1~), Gumminess (force necessary to disintegrate a semi-solid sample for swallowing, it is the multiplication of hardness and cohesiveness, N), springiness (a measure of how well a product physically springs back after it has been deformed during first compression, ability of sample to recover to its original height after the deforming force was removed, mm), chewiness (the energy need to chew a solid sample to a steady state of swallowing hardness multiplied by cohesiveness multiplied by springiness in, Nmm)

Color measurement {#s2e}
-----------------

Color measurements (CIE *L*\*, *a*\*, *b*\*) were taken with a colorimeter (Minolta CR 400, Japan). The samples were placed into petri dishes before taking the readings; no gap existed between the sample and the petri dish lid during measurement. The lens of the colorimeter was placed against the petri dish lid, and six readings were averaged.

Cholesterol content {#s2f}
-------------------

Total cholesterol content of sucuks was determined as given by [@r022]. Briefly, 1 g of sucuk sample was hydrolyzed with 5 mL saturated methanolic KOH and then, 5 mL of cyclohexane was added and the mixiture was centrifuged at 2,000 rpm for 2 min. The resultant upper phase was analyzed using a gas chromatograph (Agilent 6890, Germany) fitted with a Ultra performance capillary column (25 m × 0.32 mm × 0.52 μm film thickness, HP 5080-8853) under the following operating conditions: carrier gas, hydrogen, at a flow rate of 2.0 mL/min; oven temperature 180 to 280℃ for 10 min; injector temperature of 290℃; and flame ionization detector at 300℃ ([@r014]).

Fatty acid composition {#s2g}
----------------------

Fat extraction and fatty acids methyl esters (FAME) were determined using the AOAC (1990) method. Analysis of the FAME was accomplished using Agilent 6890 gas chromatograph equipped with flame-ionization detector (FID) on a split injector and a fused-silica capillary column (Supelco (USA) SP 2380, 60 m × 0.25 mm i.d., 0.2 mm film thickness). The column was isothermally (180℃) operated, injector and detector were kept at 250℃ and the oven temperature program was at 120℃ for 1 min, and increased to 240℃ at a rate of 6℃/min and then was kept constant (240℃) for 15 min. The flow rate of carrier gas (helium) was 30 mL/min.

Sensory evaluation {#s2h}
------------------

An experienced ten member trained sensory panel evaluated sucuk samples. Panel members were either faculty or graduate students of the Food Engineering Department of Afyon Kocatepe University. Four training sessions were held to familiarize the panelists with the sucuk characteristics to be evaluated and the scale to be used. The samples were served to panelists in artificial light (incandescent) at room (22℃) temperature in a random order all together. Unsalted crackers and deionized rinse water were given to panelists between individual samples. A continuous scale between 1.0 and 9.0 was used for the evaluation of the each attribute. Evaluating only four sucuks per session and two sessions per day was scheduled to prevent fatigue (total nine sessions). Panelists evaluated the samples for appearance ((visual impression of the products' surface - shape, color), cut appearance (visual impression at the cross section - particle size and uniformity, glistening of fat, stickiness)); Texture (perceived firmness in the mouth); Color (red color intensity); Flavor (intensity of poppy oil flavor), and expressed their overall acceptability. The hedonic scale was as follows: 1-3 (not acceptable), 4-5 (fairly acceptable), 6-7 good (acceptable) and 8-9 very good ([@r015]).

Statistical analysis {#s2i}
--------------------

Design of the experimental part was randomized having 4 (treatment levels) × 4 (ripening times) factorial structure. Treatments included control (T~1~, 100% all animal fat), T~2~ (25% pre-emulsified poppy seed oil/75% animal fat), T~3~ (50% pre-emulsified poppy seed oil/50% animal fat), T~4~ (75% pre-emulsified poppy seed oil/25% animal fat). Storage times were 0, 4, 7, and 12 d. PROC MIXED procedure was used to analyze the data and means were separated when significant (*p*\<0.05) using the Fisher\'s protected least significant difference test ([@r028]). The treatment structure was completely randomized with 3 replications.

Results and Discussion {#s3}
======================

There was a significant (*p*\<0.05) treatment × ripening time interaction for pH. During the first 7 d of ripening, the pH values of all sucuk decreased due to the production of lactic acid by lactic acid bacteria. For a given treatment, pH showed a decrease from day 0 to day 7 of ripening, however, it exhibited an increasing trend afterwards ([Table 1](#t001){ref-type="table"}). The decline in the pH can be attributed to lactic acid produced in carbohydrate breakdown during fermentation ([@r021]), while the increase in the pH can be explained by nitrogenous compounds formed in proteolysis during fermentation ([@r001]).

###### Least square means values for treatment x ripening time interaction on, pH, moisture, fat, and TBARS content of sucuks (n=3)\*

  Source of variation         pH           Moisture (%)   Fat (%)      TBARS
  --------------------------- ------------ -------------- ------------ ------------
  Treatment × Ripening Time                                            
  0 T1                        6.07±0.048   59.01±0.43     21.18±0.18   0.33±0.018
  0 T2                        6.06±0.039   60.04±0.56     22.10±0.24   0.32±0.022
  0 T3                        6.05±0.034   60.28±0.65     22.39±0.20   0.30±0.020
  0 T4                        6.04±0.32    60.50±0.67     22.90±0.26   0.36±0.032
  4 T1                        4.96±0.29    49.16±0.42     26.86±0.25   0.47±0.038
  4 T2                        4.93±0.26    49.93±0.36     27.23±0.27   0.44±0.035
  4 T3                        4.89±0.24    50.49±0.54     27.91±0.30   0.40±0.032
  4 T4                        4.85±0.27    51.02±0.51     28.05±0.31   0.39±0.026
  7 T1                        4.90±0.25    44.27±0.43     30.06±0.26   0.81±0.042
  7 T2                        4.86±0.22    44.93±0.41     30.83±0.24   0.75±0.038
  7 T3                        4.81±0.19    45.75±0.39     31.15±0.31   0.71±0.034
  7 T4                        4.77±0.16    46.37±0.48     31.67±0.33   0.70±0.032
  12 T1                       5.06±0.31    37.40±0.24     37.70±0.27   0.96±0.054
  12 T2                       5.00±0.26    38.24±0.27     37.92±0.34   0.93±0.048
  12 T3                       4.96±0.25    39.81±0.31     38.30±0.30   0.89±0.045
  12 T4                       4.93±0.18    40.36±0.34     38.76±0.36   0.83±0.034
  LSD\*\*                     0.03         0.40           0.26         0.03

T1, Control 100% all animal fat; T2, 25% pre-emulsified poppy seed oil/75% animal fat; T3, 50% pre-emulsified poppy seed oil/50% animal fat; T4, 75% pre-emulsified poppy seed oil/25% animal fat.

\*Values are given as mean±standard deviation from triplicate determinations.

\*\*LSD, least significant difference (calculated at α=0.05); n, replication number.

There was a significant (*p*\<0.01) treatment x ripening time interaction (*p*\<0.01) for moisture content ([Table 1](#t001){ref-type="table"}). For a given treatment, moisture decreased with increased ripening time. The percentage decrease in moisture content was 37% in control (T1), whereas it was only 33% in T4. Caseinate used in pre-emulsification of ground poppy seed oil might have increased water holding capacity of sucuks. Similarly, [@r023] reported increased water holding capacity for the sausages containing milk co-precipitates. Moreover [@r020] used pre-emulsified olive oil in Spanish fermented sausages as partial animal fat replacer and declared higher water holding capacity for these samples as compared to that of control.

Fat contents of samples are shown in [Table 1](#t001){ref-type="table"}. There was a significant (*p*\<0.01) treatment × ripening time interaction for fat content. Fat content increased with ripening time ([Table 1](#t001){ref-type="table"}) due to water loss during the drying process. Similarly, [@r033] reported increases in the fat content of sucuks over ripening time. All the treatments, had fat content of less than 40%, which is the permissible level in [@r034].

TBARS content is lipid oxidation markers in meat and meat products ([@r031]). The TBARS values of the sucuk samples are shown in [Table 1](#t001){ref-type="table"}. There was a significant (*p*\<0.01) treatment × storage time interaction for TBARS. The TBARS values of the control samples increased about 2 fold ([Table 1](#t001){ref-type="table"}), nevertheless the increase was only limited to 1.3 fold for T4. Our results are not in agreement with the result of [@r017] who reported higher TBARS values in Turkish sucuks having hazelnut as partial animal fat replacer. Lower TBARS values with poppy seed oil addition in this study can be attributed to the antioxidant activity of the α-tocopherol, a naturally found compound in poppy seed oil ([@r013]). Moreover, [@r030] reported that phenolic compounds found in seed oils might have a protective effect on oxidative rancidity. Similarly, poppy seed oil was reported to have more oxidative stability than safflower or flax oil ([@r006]). In addition, [@r029] reported lower TBARS values in fermented sausages having olive oil as partial fat replacer stored than control samples for 30 d.

Addition of poppy seed oil to the sucuks had a significant effect (*p*\<0.01) on hardness ([Table 2](#t002){ref-type="table"}). T1 had higher (*p*\<0.05) hardness, cohesiveness, gumminess, chewiness but lower (*p*\<0.05) springiness than any other treatment. Poppy seed oil addition to sucuks decreased hardness, which is a significant indicator of palatability. Similarly [@r036] reported soft texture for sucuk samples having hazelnut oil as fat replacer. On the other hand, [@r004] detected no difference in texture for sausages having olive oil as fat replacer. Hardness and cohesiveness increased with decreased moisture content in this study. Similarly, [@r027] reported increased hardness and cohesiveness for smoked sausages as their moisture content decreased. Springiness is related to elastic properties of sucuk. T4, having highest poppy seed oil and moisture content, was the most elastic one (*p*\<0.05). To this end, [@r008], reported decreased elasticity of sucuk during ripening period and attributed this decrease to removal of water.

###### Textural parameters of sucuk (n=3)\*

  Treatment   Hardness (N)   Cohesiveness   Gumminess (N)   Springiness (mm)   Chewiness (N × mm)
  ----------- -------------- -------------- --------------- ------------------ --------------------
  T1          73.60±2.42     0.33±0.01      24.30±1.71      7.57±0.05          184.03±10.34
  T2          59.72±1.89     0.31±0.009     18.22±1.39      7.85±0.02          142.92±8.32
  T3          57.22±1.35     0.28±0.007     15.74±1.33      7.97±0.05          125.41±4.82
  T4          48.07±1.17     0.25±0.005     11.78±1.22      8.15±0.03          95.99±3.56
  LSD\*\*     3.45           0.026          3.05            0.15               20.44

T1, Control 100% all animal fat; T2, 25% pre-emulsified poppy seed oil/75% animal fat; T3, 50% pre-emulsified poppy seed oil/50% animal fat; T4, 75% pre-emulsified poppy seed oil/25% animal fat.

\*Values are given as mean±standard deviation from triplicate determinations.

\*\*LSD, least significant difference (calculated at α=0.05); n, replication number.

Treatment × ripening time interaction was only significant (*p*\<0.05) for CIE a\*(redness) ([Table 3](#t003){ref-type="table"}). For a given treatment, redness increased with ripening time, which is in line with [@r012], who reported increased redness with ripening time for sucuks.

###### Least square means values for treatment, ripening time, treatment x ripening time interaction on instrumental color (CIE L\*, a\*, b\*) of sucuk (n=3)\*

  Source of variation   L\*          a\*          b\*
  --------------------- ------------ ------------ ------------
  Ripening time (d)                               
  0                     38.07±1.85   19.46±0.99   17.13±2.01
  12                    43.55±1.41   20.88±1.35   15.23±1.95
  P-value               \<.0001      \<.0001      \<.0001
  LSD                   0.45         \-           0.28

T1, Control 100% all animal fat; T2, 25% pre-emulsified poppy seed oil/75% animal fat; T3, 50% pre-emulsified poppy seed oil/50% animal fat; T4, 75% pre-emulsified poppy seed oil/25% animal fat.

\*Values are given as mean±standard deviation from triplicate determinations.

\*\*LSD, least significant difference (calculated at α=0.05); n, replication number.

The dehydration during the ripening period may also affect the light scatter properties on the surface of the product ([@r007]; [@r012]). Lightness (L\*) values had an increasing trend while yellowness (b\* values) had a decreasing trend with ripening time. The decrease in CIE b\* values with ripening time can be explained by formation of brown melanoids, product of browning reactions ([@r008]). On a given ripening day, control samples (T1) had lower CIE L\*, a\*, and b\* values than any other poppy seed oil containing samples ([Table 3](#t003){ref-type="table"}). Similarly, [@r017] reported high CIE L\*, a\*, and b\* values for sucuk samples having hazelnut oil as fat replacer.

[Tables 4](#t004){ref-type="table"} illustrates cholesterol content and fatty acid composition of treatments. Cholesterol content of sucuks decreased (*p*\<0.05) as poppy seed oil amount increased. The cholesterol contents decreased 22, 49, and 70% for T2, T3, and T4, respectively, which coincides with [@r010] who reported lower cholesterol contents in reducedfat frankfurter formulated with vegetables oils and rice bran fiber. Similarly, [@r036] determined lower cholesterol values for Turkish sucuks having 15-50% pre-emulsified hazelnut oil as animal fat replacers. These findings are very significant because American Heart Association (2004) have recommended less than 300 mg cholesterol intake per day due to cholesterol's close relationship with cardiovascular and coronary heart diseases.

###### Cholesterol content (mg/g samples) and fatty acid composition (%) of sucuks and poppy seed oil (n=3)\*

  Parameters               Treatments   LSD\*\*                                             
  ------------------------ ------------ ------------ ------------ ------------ ------------ ------
  Cholesterol (mg/100 g)   \-           86.04±2.98   66.80±1.96   43.69±1.56   25.38±1.34   2.88

T1, Control 100% all animal fat; T2, 25% pre-emulsified poppy seed oil/75% animal fat; T3, 50% pre-emulsified poppy seed oil/50% animal fat; T4, 75% pre-emulsified poppy seed oil/25% animal fat.

\*Values are given as mean±standard deviation from triplicate determinations.

\*\*LSD, least significant difference (calculated at α=0.05); n, replication number; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; UFA, unsaturated fatty acids.

PSO addition as animal fat replacer changed (*p*\<0.05) the fatty acid composition of sucuks. Addition of PSO decreased (*p*\<0.05) saturated fatty acid concentration (SFA), but increased (*p*\<0.05) polyunsaturated fatty acid (PUFA) concentration ([Table 4](#t004){ref-type="table"}). Similarly, [@r017] reported decreased SFA, but increased PUFA values in Turkish sucuks with hazelnut oil as animal fat replacers. In this study, PSO addition decreased (*p*\<0.05) miristic, pentadecanoic, palmitic, palmitoleic, margaric, stearic, oleic and arachidic acid, but increased (*p*\<0.05) lauric, linoleic and linolenic acid. The percentage of an important fatty acid, linoleic acid, was 5.79% for T1, but increased to 8.35%, 36.90% and 41.23%, T2, T3, T4, respectively, which is very significant because health benefits of oils rich in linoleic acid, like corn or safflower oils, in lowering serum cholesterol levels were reported by several researchers ([@r003]; [@r006]; [@r032]).

Polyunsaturated fatty acids decrease plasma cholesterol levels; also they have potential benefits including reduced blood pressure and cardiac arrhythmias ([@r035]). The ratio of PUFA to SFA was 0.11 in T1, however, it became 4, 11, and 14-fold for T2, T3, and T4, respectively. T3 and T4 treatments in this study exceed the PUFA/SFA ratio of 0.45, which has been recommended by The Committee on the Medical Aspects of Food Policy ([@r011]). The SFA/UFA ratios decreased 34, 65, and 68% for T2, T3, T4, respectively, as compared to T1. This is in line with the results of [@r010] who reported decreased SFA/UFA ratios in frankfurters having vegetable oil as partial animal replacer.

The use of poppy oil in the formulation of Turkish Sucuk had a significant (*p*\<0.05) effect on appearance, texture, color, flavor and overall acceptability ([Table 5](#t005){ref-type="table"}). The highest appearance, texture, color, and overall acceptability scores were observed in T3. T2 had the highest flavor score and panelists did not like the texture of T4 which might be attributed to soft texture and mushiness associated with increasing poppy seed oil content. Similarly, [@r036] reported reduced texture score for Turkish sucuk as amount of vegetable oil (hazelnut) increased. Reduced flavor scores with increased poppy seed oil amount in this study can be explained by undesirable odor of poppy seed oil. Except for flavor, panelists preferred T3 treatment to any other treatments.

###### Sensory properties of sucuk (n=3)\*

  Treatment   Appearance   Texture     Color       Flavor      Overall acceptability
  ----------- ------------ ----------- ----------- ----------- -----------------------
  T1          8.1±0.46     7.5±0.38    7.7±0.34    7.7±0.35    7.85±0.54
  T2          7.8±0.38     7.9±0.41    7.95±0.37   8.3±0.38    7.65±0.59
  T3          8.3±0.48     8.3±0.43    8.3±0.46    7.55±0.40   8.35±0.62
  T4          7.2±0.24     6.25±0.19   6.9±0.23    6.5±0.21    6.7±0.32
  LSD\*\*     0.39         0.35        0.36        0.31        0.26

T1, Control 100% all animal fat; T2, 25% pre-emulsified poppy seed oil/75% animal fat; T3, 50% pre-emulsified poppy seed oil/50% animal fat; T4, 75% pre-emulsified poppy seed oil/25% animal fat.

\*Values are given as mean±standard deviation from triplicate determinations.

\*\*LSD, least significant difference (calculated at α=0.05); n, replication number.

Conclusion {#s4}
==========

Using pre-emulsified poppy seed oil as partial fat replacer in Turkish sucuk decreased cholesterol and saturated fatty acid content, but increased polyunsaturated fatty acids in this study. This finding may have implications for meat industry since reduced saturated fat and cholesterol content offer significant health benefits. Moreover, addition of poppy seed oil significantly increased polyunsaturated fatty acids/ saturated fatty acids ratio which will have additional potential health benefits including reduced blood pressure and decreased incidence of cardiac arrhythmias. In addition sensory analysis revealed acceptable results with poppy seed oil replacement. In closing, poppy seed oil as partial animal fat replacer in Turkish sucuk may have significant health benefits without *sacrificing its* quality characteristics.
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